Danzi, Sara, and Irwin Klein. Posttranscriptional regulation of myosin heavy chain expression in the heart by triiodothyronine. Am J Physiol Heart Circ Physiol 288: H455-H460, 2005; doi:10.1152 doi:10. / ajpheart.00896.2004 regulates cardiac contractility in part by regulating the expression of several important cardiac myocyte genes. In the rat, the T3-mediated induction of ␣-myosin heavy chain (MHC) transcription in hypothyroid hearts is rapid, exhibiting zero-order kinetics, whereas the repression of ␤-MHC in these same hearts is much slower. To elucidate the mechanism for T3 transcriptional as well as posttranscriptional regulation of both MHC gene isoforms, we used an RT-PCR-based transcription assay and the RNA polymerase II inhibitor actinomycin D in an in vivo model to simultaneously measure specific ␣-and ␤-MHC heterogeneous nuclear RNA (hnRNA), mRNA kinetics, and MHC antisense RNA. In vivo actinomycin D treatment blocked ␣-MHC transcription in euthyroid rats by Ͼ80% at 2 h and suggested a half-life of ␣-MHC hnRNA of ϳ1 h, whereas actinomycin D inhibited ␤-MHC transcription in hypothyroid rats by Ͼ75% at 6 h, suggesting a significantly longer hnRNA half-life of ϳ4 h. The effect of actinomycin D on ␤-MHC transcription was independent of T3. T3 treatment in hypothyroid animals caused ␤-MHC mRNA to decline more rapidly than ␤-MHC hnRNA, demonstrating, for the first time, a posttranscriptional mechanism(s). The measured change in ␤-MHC mRNA half-life indicates a T3-mediated destabilization of ␤-MHC mRNA. To understand the mechanism by which T3 destabilizes ␤-MHC mRNA, we measured ␤-MHC antisense RNA. ␤-MHC antisense RNA is present in euthyroid myocytes, but levels are not significant in hypothyroid myocytes. This differential expression may explain some of the effects of T3 on MHC posttranscriptional regulation. thyroid hormone; myocardium; gene transcription; actinomycin D; RNA stability; heterogeneous nuclear RNA THYROID HORMONE is an important regulator of cardiac contractile function (9, 18). Triiodothyronine (T 3 ), the physiologically active form of thyroid hormone, regulates the expression of several important cardiac genes, which include the myosin heavy chain (MHC) gene isoforms ␣-and ␤- MHC (4, 8, 23, 25) . In euthyroid rats, ␣-MHC is maximally expressed and ␤-MHC is repressed. In thyroidectomized rats, the opposite occurs (8, 9, 23, 25) . Our understanding of the regulation of the MHC genes is primarily derived from the T 3 -mediated positively regulated ␣-MHC, whereas less is understood regarding the negative regulation of the ␤-MHC gene (2, 3, 10, 25, 34, 41) . ␤-MHC is the predominant myofibrillar protein in the human heart, and it has been shown by others that, in the failing human heart, ␣-MHC mRNA is decreased and ␤-MHC mRNA is increased, possibly contributing to decreased contractility in the failing heart (21, 26, 31).
THYROID HORMONE is an important regulator of cardiac contractile function (9, 18) . Triiodothyronine (T 3 ), the physiologically active form of thyroid hormone, regulates the expression of several important cardiac genes, which include the myosin heavy chain (MHC) gene isoforms ␣-and ␤-MHC (4, 8, 23, 25) . In euthyroid rats, ␣-MHC is maximally expressed and ␤-MHC is repressed. In thyroidectomized rats, the opposite occurs (8, 9, 23, 25) . Our understanding of the regulation of the MHC genes is primarily derived from the T 3 -mediated positively regulated ␣-MHC, whereas less is understood regarding the negative regulation of the ␤-MHC gene (2, 3, 10, 25, 34, 41) . ␤-MHC is the predominant myofibrillar protein in the human heart, and it has been shown by others that, in the failing human heart, ␣-MHC mRNA is decreased and ␤-MHC mRNA is increased, possibly contributing to decreased contractility in the failing heart (21, 26, 31) .
T 3 mediates the transcription of ␣-MHC as follows: T 3 binds to nuclear receptor proteins (TRs), which in turn bind to TR response elements (TREs) in the promoter regions of positively regulated genes such as ␣-MHC (4, 9, 14, 42) . In the presence of T 3 , TRs are known to associate with coactivator complexes, (i.e., Trap220 and SRC-1), which possess histone acetyltransferase activity and activate genes (15, 31, 42) . In the absence of T 3 , TRs recruit corepressor complexes (i.e., NCoR) and repress transcription (13, 42) .
The mechanisms by which T 3 mediates the transcription and repression of ␤-MHC, a negatively regulated gene, are not fully understood. Several studies have identified the proximal ␤-MHC promoter as an important region for transcriptional regulation, as it is for several other negatively regulated genes (10, 27, 41) . However, it is not known whether TRs bind directly to the ␤-MHC promoter for activation in hypothyroid animals or repression in the presence of T 3 .
To further study the T 3 -mediated regulation of MHC gene expression, we developed an RT-PCR assay to measure transcription in an in vivo model by quantitating specific ␣-and ␤-MHC heterogeneous nuclear RNA (hnRNA) from rat hearts. This technique permits, for the first time, the study of the temporal transcriptional response to various humoral and hemodynamic stimuli in vivo (8, 16, 17, 28, 33) . In hypothyroid rats, induction of ␣-MHC by T 3 is rapid, but repression of ␤-MHC transcription by T 3 is not detectable until 6 h later, suggesting that separate molecular mechanisms and sites of action are involved in the coordinated regulation of these genes (8) .
To explore the transcriptional and posttranscriptional activity of both genes, we used the RNA polymerase II inhibitor actinomycin D. We report here that ␤-MHC hnRNA has a longer half-life than ␣-MHC hnRNA and that ␤-MHC mRNA is destabilized by T 3 . To explore a possible mechanism for the T 3 -mediated destabilization of ␤-MHC mRNA, we measured ␤-MHC antisense RNA in rat hearts. ␤-MHC antisense RNA was demonstrated in euthyroid, but not hypothyroid, hearts and may serve as a site of posttranscriptional regulation for the effects of T 3 .
MATERIALS AND METHODS
Animal protocols. Adult male Sprague-Dawley rats (160 -180 g; Taconic Farms, Germantown, NY) included control euthyroid animals and a second group rendered hypothyroid by surgical thyroidectomy (Tx). At 7 days after surgery, hypothyroidism was confirmed by analysis of serum total thyroxine and T 3 levels by RIA (Diasorin, Stillwater, MN). The investigation conforms with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Publication No. 85-23, Revised 1996) .
T 3 treatment in hypothyroid rats. Tx rats (n ϭ 3 in each group) were treated with a single injection of 1 g of T 3 (ICN Biomedicals, Aurora, OH) and killed at 0.5, 2, 6, 12, 24, or 36 h after treatment. Hearts were quickly excised and weighed, and left ventricles (LVs), including the septum, were rapidly frozen in liquid nitrogen and stored at Ϫ80°C until extracted for RNA. Three animals were used for each time point.
Actinomycin D and T 3 treatment in hypothyroid and euthyroid rats. Tx and euthyroid rats were given actinomycin D (1 mg/kg; SigmaAldrich, St. Louis, MO) in PBS as a single intramuscular injection of 0.2 ml with or without a simultaneous intramuscular injection of 2 g of T 3 in 0.2 ml of PBS. Animals were killed at 2, 6, 12, 24, or 48 h after injection. Hearts were excised, LVs were weighed, and blood was collected for serum T 3 analysis. Tissue was frozen as described above until used for RNA extraction. Three animals were used for each time point.
Total RNA isolation. Total RNA was extracted from frozen LV samples using the guanidinium thiocyanate method, as previously described (2) .
Measurements of hnRNA. We measured transcription using an RT-PCR-based transcription assay to quantitate hnRNA, as previously described (8) . hnRNA is the primary transcript that is subsequently spliced and processed to form mature mRNA. Briefly, 50 g of total RNA were treated with DNase I and subjected to the RNeasy miniprotocol for RNA cleanup (Qiagen, Valencia, CA). RT-PCR was performed as previously described with 2 g of RNA using primers specific for ␣-or ␤-MHC hnRNA (8) . Individual reactions were set up with the reverse primers for ␣-or ␤-MHC hnRNA, which annealed to sequences within the first intron of each gene: 5Ј-GACACAGAAA-GAAAGGAAGGAT-3Ј for ␣-MHC949R (GenBank accession no. AH002207) (23) and 5Ј-ACACACGCGCACACACTAGCA-3Ј for ␤-MHC1456R (GenBank accession no. X16291).
PCR were performed as previously described (8) with the same reverse primers described for RT (␣-MHC949R and ␤-MHC1456R) and forward primers that annealed to sequences within the first exon of each gene: 5Ј-ATTTCTCCATCCCAAGTAAG-3Ј for ␣-MHC614F and 5Ј-TGAGCATTCTCCTGCTGTTTC-3Ј for ␤-MHC1144F. The PCR product (10 l) was run on a 2% agarose gel with ethidium bromide and quantitated by densitometry using BioRad Quantity 4.2.2 software. All RT reactions were done in duplicate.
Measurements of fully processed mRNA. RT-PCR of ␣-and ␤-MHC mRNA was performed as described above, but with 2 ng of total RNA and reverse primers that annealed to sequences at the 3Ј-untranslated end of the respective mRNAs [␣-MHC5892R (5Ј-GTGGGATAGCAACAGCGAGGC-3Ј) and ␤-MHC5869R (5Ј-CTC-CAGGTCTCAGGGCTTCAC-3Ј)], a region that differs between ␣-and ␤-MHC. PCR of mRNA was accomplished using the mRNA reverse primers described above and forward primers: ␣-MHC5593F (5Ј-CTACCAGACAGAGGAAGACAAG-3Ј) and ␤-MHC5579F (5Ј-GACAGGAAGAACCTACTGCG-3Ј).
Measurements of ␣-and ␤-MHC antisense RNA. To quantitate ␣-or ␤-MHC antisense RNA in euthyroid and hypothyroid rat hearts, we performed RT on 2 g of total RNA as described above but used the forward primers ␣-MHC614F and ␤-MHC1144F to synthesize the cDNA copy of the antisense hnRNA. Before amplification of ␣-or ␤-MHC antisense RNA by PCR, RT reactions were incubated with 1 l of RNase A at 37°C for 20 min. PCR was carried out as described above with the same forward primers and reverse primers used for amplification of ␣-or ␤-MHC hnRNA.
Statistical analysis.
Values are means Ϯ SE. Statistical differences between values were evaluated by unpaired Student's t-test with significant probability at P Ͻ 0.05.
RESULTS
T 3 effects on ␣-and ␤-MHC gene transcription. In response to T 3 treatment (1 g/animal) of hypothyroid animals, ␣-MHC hnRNA, as a measure of transcription, appeared at 30 min and was 135 Ϯ 16% of euthyroid levels at 6 h (Fig. 1) . Simultaneous measures of ␤-MHC hnRNA indicated no significant change in transcription rate until 6 h after treatment, when it was decreased by 14 Ϯ 2%. Thus the initiation of transcription of ␣-MHC and the suppression of transcription of ␤-MHC can be temporally dissociated. To identify the mechanisms involved in these separate processes, we used actinomycin D to directly inhibit gene transcription.
Effect of actinomycin D on T 3 -mediated induction of ␣-MHC hnRNA. To validate the effectiveness of in vivo actinomycin D treatment, we tested the ability of actinomycin D to block the T 3 -mediated induction of ␣-MHC hnRNA in hypothyroid rats. Treatment with actinomycin D ϩ T 3 (2 g/animal) prevented the increase in ␣-MHC hnRNA completely at 2 h and by Ͼ80% at 6 h ( Fig. 1) .
Analysis of serum T 3 and LV weights performed when euthyroid and hypothyroid animals were killed indicates no differences as a result of treatment with actinomycin D or T 3 on LV weights at that time point (Table 1) (7, 24) .
Effect of actinomycin D on ␣-MHC hnRNA and mRNA in euthyroid animals. In the young adult euthyroid rat, where ␣-MHC hnRNA and mRNA are expressed as the predominant MHC isoform, actinomycin D treatment significantly decreased the amount of ␣-MHC hnRNA (transcription) by 77 Ϯ 2% within 2 h and by 86 Ϯ 3% at 6 h, with a half-life of ϳ1 h (Fig. 2) . In contrast, simultaneous measures of ␣-MHC mRNA initially increased at 2 and 6 h and then declined Expression of ␤-MHC hnRNA and mRNA in response to T 3 . Hypothyroid rats were treated with a single injection of T 3 (1 g) and then killed 0.5, 2, 6, 12, 24, or 36 h after treatment for analysis of cardiac ␤-MHC hnRNA and mRNA (Fig. 3) . ␤-MHC hnRNA was unchanged at 2 h and first significantly declined by 14 Ϯ 2% at 6 h after T 3 treatment, with a nadir of 59% Ϯ 2 at 36 h. In contrast, after T 3 treatment, ␤-MHC mRNA declined within 2 h by 29 Ϯ 6% (P Ͻ 0.05 compared with hnRNA) and continued to decline to a nadir of 34 Ϯ 1% of hypothyroid levels at 36 h. The half-lives of ␤-MHC hnRNA and mRNA were calculated using the initial 12 h after T 3 treatment and were 20 and 12 h, respectively.
Effect of actinomycin D on ␤-MHC hnRNA and mRNA. To understand the temporal disparity between the T 3 -mediated decline in ␤-MHC hnRNA and mRNA, we treated hypothyroid rats with actinomycin D and focused on the responses observed at 2 and 6 h. At 2 h after actinomycin D treatment, ␤-MHC hnRNA expression declined to 62 Ϯ 4% of hypothyroid levels. At 6 h after actinomycin D treatment, ␤-MHC hnRNA levels were 30 Ϯ 2% of maximal, demonstrating a half-life of ϳ4 h. The addition of T 3 to actinomycin D did not further decrease the ␤-MHC hnRNA content significantly, demonstrating a half-life of ϳ3.5 h. ␤-MHC hnRNA levels were significantly lower after treatment with actinomycin D or actinomycin D ϩ T 3 than after treatment with T 3 alone (P Ͻ 0.01; Fig. 4A ).
Expression of ␤-MHC mRNA in hypothyroid rats after actinomycin D treatment declined by 51 Ϯ 1% at 2 h, as shown for ␤-MHC hnRNA. Similar to ␤-MHC hnRNA, the addition of T 3 to actinomycin D had no significant effect on ␤-MHC mRNA content at 2 or 6 h (Fig. 4B) . The half-life of ␤-MHC mRNA after treatment with actinomycin D and actinomycin D ϩ T 3 was 2 h.
Expression of ␣-and ␤-MHC antisense RNA. Measurements of antisense RNA by PCR were performed using the same ␣-and ␤-MHC hnRNA primer sets. However, RT was performed using the specific forward primers. We were unable to detect any ␣-MHC antisense RNA in hypothyroid or euthyroid rat hearts (12, 22) . However, ␤-MHC antisense RNA was present in euthyroid, and at substantially lower levels in hypothyroid, rat hearts. In euthyroid rat hearts, ␤-MHC antisense RNA was ϳ30% of the ␤-MHC sense hnRNA expressed in the same samples (Table 2) .
DISCUSSION
In the mammalian cardiac myocyte, the MHC genes ␣ and ␤ are regulated by T 3 in a reciprocal fashion (3, 25) . The observation that these two genes are located in tandem on chromosome 14 in humans and on chromosome 17 in the rat previously suggested that the activation of ␣-MHC was temporally and mechanistically linked to the suppression of ␤-MHC (11, 19, 24) . However, as we recently showed, this regulation does not occur via a single coupled mechanism (8). The T 3 -mediated (5 g/kg) induction of ␣-MHC transcription in hypothyroid rats occurs within minutes of T 3 administration, whereas the repression of ␤-MHC transcription in these same animals occurs more slowly over hours (8) . In the present model for T 3 -mediated regulation of ␣-MHC transcription, TRs constitutively occupy TREs and, in the presence and absence of T 3 , replace coactivator complexes for corepressor complexes, respectively (4, 7). This permits a fairly rapid response to changes in thyroid hormone levels (8) . However, the mechanism by which T 3 mediates the repression (with T 3 ) and induction (without T 3 ) of ␤-MHC transcription is not known. There is no definitive evidence of a role for TRs at the ␤-MHC promoter (27) , and T 3 -mediated regulation may occur off the promoter, inasmuch as no traditional TREs that play a role in the TR-mediated regulation of this gene have been identified (38) . It has been hypothesized that T 3 -regulated genes that do not possess TREs may be posttranscriptionally regulated. Cuadrado and colleagues (6) report that the neuronspecific neuronal HuD, an RNA-binding protein, is regulated by T 3 and acts as an mRNA stability regulator under T 3 control. However, no comparable proteins have been identified in cardiac myocytes.
To extend and further our understanding of the role of T 3 in the expression of the cardiac-specific MHC genes, we studied ␣-and ␤-MHC mRNA stability simultaneously with its effects on transcription. T 3 has been shown to regulate the stability of several other mRNAs. T 3 decreased poly(A) tail length of the pituitary genes thyrotropin ␤-subunit mRNA, a negatively regulated gene, and growth hormone mRNA, a positively regulated gene, decreasing the stability of both mRNAs (20, 37, 40) . T 3 increased the poly(A) tail length of hepatic NADPH-cytochrome P-450 reductase, but only transiently, inasmuch as cytoplasmic poly(A) tail length decreased 16 h later (36) . However, overall stability of hepatic NADPHcytochrome P-450 reductase mRNA was also decreased after the addition of T 3 . Sindhwani et al. (35) demonstrated that ␣-MHC mRNA was polyadenylated at multiple sites, with an increase in the longest subspecies and a decrease in the shortest subspecies in the hypothyroid heart (35) . They also identified two ␣-MHC splice variants that were not affected by thyroid state. The significance of these findings as they relate to stability is not clear.
In the present study, 2 h after treatment with T 3 , when there was no detectable decline in ␤-MHC transcription, ␤-MHC mRNA content had already fallen by ϳ30%, suggesting that T 3 acts through a posttranscriptional mechanism to destabilize ␤-MHC mRNA (12) . After the initial destabilization of ␤-MHC mRNA by T 3 , the further decline continued in parallel with the rate of repression of transcription (Fig. 3) (8) . To better understand the potential transcriptional and posttranscriptional mechanisms by which T 3 mediates the expression of these two genes, we undertook studies using actinomycin D, a potent inhibitor of DNA-dependent RNA synthesis (36) . Animals were treated with actinomycin at 1 mg/kg (20) , which was sufficient to block the in vivo induction of ␣-MHC completely at 2 h and by Ͼ80% at 6 h. At 6 h after treatment of euthyroid rats with actinomycin D, ␣-MHC transcription was reduced by ϳ90%. ␤-MHC hnRNA and mRNA content declined faster after treatment with actinomycin D than after treatment with T 3 alone. The addition of T 3 to actinomycin D treatment did not further decrease ␤-MHC hnRNA or mRNA content, suggesting that the effect of actinomycin D (inhibition of RNA polymerase II) is faster and more complete than the T 3 -mediated inhibition of ␤-MHC hnRNA and mRNA. These data suggest that a mechanism other than direct inhibition of transcription may be responsible for the T 3 -mediated repression. It should be noted that contractility, as well as T 3 , can affect MHC gene expression, both transcriptionally and posttranscriptionally (30) . An independent effect of T 3 and/or actinomycin D on contractility may contribute to the changes in MHC hnRNA and mRNA levels.
Haddad and colleagues (12) reported an antisense mechanism coordinating cardiac MHC (␣ and ␤) gene switching that involves the inhibition of ␤-MHC hnRNA processing. Their findings demonstrate that ␣-MHC transcription is coupled to ␤-MHC antisense transcription and that antisense RNA serves to regulate the content of ␤-MHC mRNA by targeting ␤-MHC for degradation. This antisense RNA was determined to be full-length hnRNA. Therefore, using our ␤-MHC hnRNA primers, we have also identified the presence of ␤-MHC antisense RNA in euthyroid rat hearts but have not identified significant levels in hypothyroid rat hearts, supporting a role for ␤-MHC antisense RNA in the regulation of ␤-MHC repression in the presence of T 3 . To identify a mechanism for the stabilization of ␣-MHC mRNA after treatment with actinomycin D, we hypothesized that the absence of a short-lived ␣-MHC antisense RNA may account for the increased stability of ␣-MHC mRNA. To validate the RT-PCR method for antisense RNA, we found it necessary to ensure the adequacy of the denaturation of the reverse transcriptase as described in MATERIALS AND METHODS (12, 22) . Our findings, however, did not support this hypothesis, because we could detect no antisense ␣-MHC in ventricular myocytes.
It is important to note that the COOH-terminal domain of RNA polymerase II directs splicing and polyadenylation factors to the hnRNA to facilitate processing, and it is possible that both of these coordinated processes may have been interrupted by treatment with actinomycin D (1). However, given that there were opposite effects of actinomycin D treatment on ␣-and ␤-MHC mRNA stability, this was not likely a factor.
In summary, we have demonstrated that there is a distinction between transcription of ␣-and ␤-MHC, both temporally and mechanistically, and that posttranscriptional mechanisms are involved in the regulation of mRNA content for both of these genes, destabilizing ␤-MHC mRNA and stabilizing ␣-MHC mRNA. The presence of ␤-MHC antisense RNA may play a role in the T 3 -mediated negative regulation of ␤-MHC expression in euthyroid cardiac myocytes.
